Background: Deep brain stimulation of the subthalamic nucleus (STN DBS) ameliorates the motor symptoms of Parkinson's disease (PD). However, some aspects of executive control are impaired with STN DBS. Objective:We tested the prediction that (i) STN DBS interferes with switching from automatic to controlled processing during fast-paced random number generation (RNG) (ii) STN DBS-induced cognitive control changes are load-dependent. Methods: Fifteen PD patients with bilateral STN DBS performed paced-RNG, under three levels of cognitive load synchronised with a pacing stimulus presented at 1, 0.5 and 0.33 Hz (faster rates require greater cognitive control), with DBS on or off. Measures of output randomness were calculated. Countscore 1 (CS1) indicates habitual counting in steps of one (CS1). Countscore 2 (CS2) indicates a more controlled strategy of counting in twos. Results: The fastest rate was associated with an increased CS1 score with STN DBS on compared to off. At the slowest rate, patients had higher CS2 scores with DBS off than on, such that the differences between CS1 and CS2 scores disappeared. Conclusions: We provide evidence for a load-dependent effect of STN DBS on paced RNG in PD. Patients could switch to more controlled RNG strategies during conditions of low cognitive load at slower rates only when the STN stimulators were off, but when STN stimulation was on, they engaged in more automatic habitual counting under increased cognitive load. These findings are consistent with the proposal that the STN implements a switch signal from the medial frontal cortex which enables a shift from automatic to controlled processing.
INTRODUCTION
Levodopa therapy is effective at controlling the motor symptoms of Parkinson's disease but after about five years most patients experience debilitating side effects including dyskinesias, on-off fluctuations and end of dose deterioration. The complications associated with long-term levodopa therapy have led to the use of surgical interventions such as deep brain stimulation of the subthalamic nucleus (STN DBS). STN DBS has been demonstrated as clinically effective in improving the motor symptoms of PD as well as some levodopa-induced side effects [1, 2] . Other than a deficit in verbal fluency, STN DBS does not appear to produce any major adverse effects on general cognitive ability in PD [3] [4] [5] . However, when using DBS on versus off methodology, several studies have documented specific deficits in cognitive control in PD patients induced by STN stimulation. PD patients have shown deficits in cognitive control on a diverse range of tasks requiring suppression of pre-potent or habitual responses. These tasks include the Stroop [6, 7] , Go/No-Go Reaction Time tasks with high target frequency and enhanced pre-potency of responses [8] [9] [10] , the stop signal reaction time task [11, 12] , fast-paced random number generation [13] , the Simon task [14] and during probabilistic decision-making under conflict [15] [16] [17] . Furthermore, these STN DBS-induced deficits in performance of phonemic verbal fluency, the Stroop interference and fast-paced RNG tasks have been shown to be associated with significant alteration of activation in key frontal and subcortical areas [13, 18, 19] . Therefore, STN DBS can result in an impaired ability to inhibit automatic, pre-potent responses which is associated with altered activation in specific frontostriatal regions.
One executive process that is critical to adaptive behaviour is the ability to switch between automatic/habitual and controlled/goal-directed processing [20] in a timely and efficient manner. Typically, automatic habitual processing would be employed when executing a well-learned behaviour that requires little attention. However, when engaging in a behaviour that is attentionally-demanding, such as learning a new behaviour or deliberately trying to override a welllearned habitual behaviour, goal-directed controlled processing would be used. From recordings of neuronal activity in primates, it has been proposed that the STN implements a switch signal from the pre-SMA which enables such a shift from automatic to controlled processing [21] . Consequently, high frequency stimulation of the STN during STN DBS in PD may interfere with the ability to switch between automatic and controlled processing when a situation/task demands it.
Random number generation (RNG) is a useful paradigm for investigating the ability to switch between automatic and controlled processing. RNG is an attention-demanding task that involves a number of executive processes. Participants are asked to imagine drawing a number (1-9 inclusive) at random from a hat, say it out loud, place the number back in the hat and then draw another one. In order to achieve a random sequence of numbers, the participant must suppress the habitual tendency to count in series and employ a controlled response selection strategy instead. When the habitual counting strategy is in use, healthy participants tend to count up or down in ones (CS1). This is somewhat replaced with a tendency to count in twos (CS2) when attempting to implement a controlled strategy. Researchers have examined the effect of transcranial magnetic stimulation (TMS) over the left and right dorsolateral prefrontal cortex (DLPFC) and the medial pre-frontal cortex during RNG in healthy volunteers [22] . Repetitive TMS delivered over the left DLPFC led to an increased CS1 score and a decreased CS2 score, thus increasing the automatic habitual counting bias and interfering with controlled processing. From this the 'network modulation model of RNG' was developed. This model proposes that suppression of a habitual counting response during RNG is achieved via a modulatory and inhibitory influence of the left DLPFC over the left superior temporal cortex (STC). This prevents spreading activation in an ordered number associative network located in the STC. Numbers in the STC network are ordered in series due to a lifetime of exposure to this pattern of counting. PD patients who show under-activation of the DLPFC during goal-directed willed actions [23] , also have impaired performance on RNG tasks marked by higher CS1 scores relative to healthy controls. This bias became differentially greater at faster rates of RNG and therefore increased cognitive load [24, 25] .
The aim of the present study was to investigate the effect of STN DBS on paced RNG in PD to specifically test two hypotheses generated from previous research. First, because STN DBS reduced frontal activation and altered pallidal-frontal and pallidal-temporal coupling during fast-paced RNG [13] , PD patients should perform RNG even more poorly with stimulation on compared to stimulation off. This will be reflected by increased habitual counting and reduced controlled processing i.e. increased CS1 and decreased CS2. Thus, STN stimulation should reduce the patients' ability to switch from automatic to controlled processing during RNG resulting in a less random performance with stimulation on as compared to off. Second, owing to the attention-demanding and limited capacity nature of controlled processing, the presence or absence of cognitive control deficits with STN DBS on should be load-dependent, as suggested by the results of previous studies [8, 26] . This prediction was tested by manipulating cognitive load during paced RNG, through increasing the rate of the RNG pacing stimulus; as previously shown, a faster rate increases cognitive load [25, [27] [28] [29] . If the impact of STN DBS on cognitive control is load-dependent, then STN stimulation would be predicted to specifically increase non-randomness of the output only at the fastest rate of paced RNG.
METHODS
Sample: Fifteen (7 male, 12 right-handed) individuals with a diagnosis of idiopathic PD aged between 44 and 66 (M = 57.1, SD = 6.4) participated. All patients had undergone surgery for bilateral DBS of the STN, and were recruited from the Functional Neurosurgery Unit, UCL Institute of Neurology and the National Hospital for Neurology and Neurosurgery. All patients suffered from akinetic-rigid symptoms and were treated by bilateral DBS of the STN for at least 3 months (M = 16.00 months, range 3 to 60 months). Prior to surgery, all patients met Parkinson's Disease Society Brain Bank diagnostic criteria for PD [30] , and were screened for absence of dementia and major psychiatric illness. Disease duration ranged from 8 to 21 years (M = 14.9, SD = 14.2). Stage of illness and severity of the motor symptoms of PD was rated by a neurologist while patients were off their usual medication and when they had their DBS switched both on and off, using the Hoehn & Yahr [31] scale and the motor section of the Unified Parkinson's Disease Rating Scale [32] . All patients were in the moderate to severe stages of the disease, with scores on the H&Y scale of 2.5 to 4 (M = 3.2, SD = 0.5) and UPDRS motor scores ranging between 24 and 84 (M = 49.2, SD = 15.5) with their stimulators switched off. All patients were non-demented as demonstrated by scores >26 on the Mini-Mental State Examination (MMSE) [33] . Patients were also screened for clinical depression on the Beck Depression Inventory (BDI) [34] and none were clinically depressed. Patients were tested on their usual medication. The majority (10/11) were treated with levodopa (Sinemet, Madopar) and the mean levodopa equivalent daily dose was 821.4 milligrams (S.D. = 337.3). In addition, 7 patients were receiving dopaminergic and or anticholinergic medication including entacapone (n = 1), cabergoline (n = 6), pergolide (n = 1), ropinirole (n = 1). Post-surgical MRI confirmed correct positioning of at least one of the contacts of the implanted electrodes in or near the STN target in all patients. Detailed information about the sample and the DBS parameters is presented in Table 1 .
The study was approved by the Joint Ethics Committee of the Institute of Neurology and The National Hospital for Neurology and Neurosurgery. Informed consent was obtained prior to participation in the study from PD patients. Patients' travelling expenses were reimbursed.
Design
A repeated measures design was used. Each participant was assessed on the RNG [22, 28, 29] task with DBS on and off, with the order counterbalanced across participants. For each stimulation condition, the RNG task was performed at three rates, with a visual (2 × 2 cm 'flashing' square, on screen time 200 ms) pacing stimulus presented once every 1, 2 or 3 seconds, (that is at 1, 0.5 or 0.33 Hz) with faster rates being more demanding. In each DBS condition, the participants completed the three RNG rates either in ascending or descending order of speed/difficulty, with the order counterbalanced across participants.
Procedure
During the RNG task a 'hat' analogy was used to explain the concept of randomness to the patients. Participants were asked to imagine pulling a number (1-9) from a hat, saying it out loud, which they were then to replace before drawing another one. Participants were asked to produce a sequence of 100 numbers in synchrony with the pacing stimulus, responding verbally. For each condition and rate, the total time taken to generate the 100 numbers was recorded. The numbers generated by the patients were recorded and subjected to offline analysis for randomness using a computer programme which compared the participants' output to 10,000 random numbers generated by a computer [35] .
Two measures of seriation, Countscore 1 (CS1) and Countscore 2 (CS2) were obtained. CS1 measures the tendency to count up or down in ones, e.g., 1-2-3-4-5-6-7-8-9 or 8-7-6. CS2 measures the tendency to count in steps of two, e.g. 2-4-6 or 8-6-4-2. CS1 is interpreted as the employment of a habitual counting strategy, ingrained over years of exposure to counting in series. The use of CS2 is taken as evidence of an alternative and more controlled counting strategy, whereby the participant attempts to avoid habitual counting in ones. These two Countscore measures show differential sensitivity to manipulations of cognitive load, such as performing paced RNG at faster rates or concurrently with a secondary task. In healthy participants, while 139.67 (20.48) the CS1 measure of automatic processing increases, the CS2 index of more controlled processing decreases with increases of cognitive load at faster rates and under dual task conditions [24, 28, 29] .
Statistical analysis
The data were screened for outliers, which led to two participants in the initial sample of 17 being excluded as they had standardised residuals (z-scores) greater than 3. A series of repeated measures ANOVAs (analysis of variance) were employed. Three individual two-way ANOVAs at each rate with DBS condition and Type of Countscore as the within-subjects repeated measures factors were performed. These were followed by post-hoc paired t-tests to assess the direction of any significant main effects. If the processing strategy that patients employ on-stimulation during RNG is load-dependent, then one would predict a differential effect of DBS on the CS1 and CS2, which occurs at the fastest rate but not the two slower rates.
RESULTS
Patients obtained a significant clinical benefit from DBS (see Table 1 ). On medication, UPDRS scores were significantly lower with DBS On (M = 9.7, SD = 6.8) than with DBS Off (M = 18.92, SD = 7.56); t(11) = 5.56, p < 0.001. Significant clinical improvement was also seen off medication, with lower UPDRS scores when DBS was on (M = 18.46, SD = 13.05) than with DBS off (M = 40.11, SD = 17.81); t(12) = 4.97, p < 0.001. Therefore, bilateral STN DBS resulted in a significant improvement in the motor symptoms of PD, evident in every patient operated on, indicating that at least one of the contacts was correctly positioned close to the surgical target.
DBS condition had a significant effect on RNG processing strategies at the fastest 1 Hz rate
The two-way ANOVA at the fastest rate showed a significant main effect on Type of Countscore; F( 1,13 ) = 13.89, p = 0.003. At the fastest rate of paced RNG, regardless of whether stimulation was on or off, participants consistently scored higher on CS1 than on CS2 (see Fig. 1 ). This indicates that there is a bias towards the use of automatic over controlled processing strategies during paced RNG at the fastest rate. Crucially, the analysis also revealed a significant DBS x Type of Countscore interaction; F( 1,13 ) = 7.44, p = 0.017. A series of post-hoc paired t-tests clarified the nature of this effect. First, comparisons were made to determine if DBS condition had any effect on the Countscores individually. For CS1, participants scored significantly higher when DBS was on (M = 89.36, SD = 48.96) compared to when stimulation was off (M = 71.57, SD = 47.85); t( 13 ) = 2.35, p = 0.035. DBS status had no effect on CS2 scores (p > 0.05). Subsequently the differences between CS1 and CS2 for each DBS status in isolation were compared. With DBS on, participants scored significantly higher on CS1 (M = 89.36, SD = 48.96) than on CS2 (M = 29.79, SD = 9.56); t( 13 ) = 4.12, p < 001. Similarly, with DBS off participants scored more highly on CS1 (M = 71.57, SD = 47.85) than on CS2 (M = 33.64, SD = 10.06). However, the differences between CS1 and CS2 were significantly greater when stimulation was on (M = 59.57, SD = 54.1) than when stimulation was off (M = 37.93, SD = 48.02); t( 13 ) = 2.78, p = 0.02. Therefore, three preliminary conclusions can be drawn. 1) At the fastest rate of paced RNG, participants adopted a more automatic habitual counting strategy and used a controlled processing strategy less when generating sequences of numbers. 2) At the fastest rate of paced RNG, the bias towards the use of automatic processing strategies was significantly magnified with stimulation on compared to off. 3) At the fastest rate of paced RNG, DBS status had no effect on the use of controlled processing strategies.
DBS condition did not have an effect on RNG processing strategies at the slower 0.5 Hz rate
If the effect of DBS on processing strategies is loaddependent, then it would be expected that significant main and interaction effects of DBS would only occur at the fastest rate, but not for the two slower rates. The results of the two-way repeated measures ANOVA with Countscore and DBS condition as within-subjects factors support this hypothesis. There is a similar pattern of numerical trends between the two faster 1 Hz and 0.5 Hz rates (See Fig. 2 ). CS2 was lower overall than CS1 and unaffected by DBS condition and CS1 was higher when stimulation was on compared to off. However, the interaction and both main effects were not significant (ps > 0.05). So, when cognitive demands of the RNG task are reduced and the rate at which the patients must produce random sequences of numbers slows by as little as one second, the effects of DBS on paced RNG become drastically weakened as differences between the use of controlled and automatic processing strategies begin to diminish. DBS condition had no effect on automatic processing and was associated with the recovery of controlled processing at the slowest 0.33 Hz rate A two-way repeated measures ANOVA with DBS condition and Type of Countscore as the withinsubjects factors was performed. At the slowest rate, with DBS on, the trend for CS1 scores to exceed CS2 scores persisted and neither the interaction nor the two main effects were significant (ps > 0.05). However, paired t-tests revealed a significant increase in CS2 when STN stimulation was turned off. Patients scored higher on CS2 with stimulation off (M = 49.3, SD = 19.87) than on (M = 36.7, SD = 11.51); t( 9 ) = −2.49, p = 0.035. In fact, CS2 levels increased to such an extent at the slowest rate with stimulation turned off that they matched CS1 scores with DBS off (mean score of 49). This may be interpreted as the switching to or the 'recovery' of controlled processing at the slowest rate with STN stimulation turned off. At the slowest rate of 0.33 Hz, patients had sufficient time to employ controlled processing strategies to a comparable level alongside the automatic processing strategies (see Fig. 3 ).
RNG performance was not influenced by the patients' ability to keep up with the pacing stimulus
One potential caveat to the above conclusions is that participants' choice of RNG strategy may be influenced by an impaired ability to keep up with the pacing stimulus, rather than any direct effect on automatic and controlled processing. To rule our this possibility, a 2 × 3 repeated measures ANOVA was conducted on the time taken to generate 100 numbers during RNG with DBS status as one factor (on vs. off) and rate of pacing stimulus (1 vs. 0.5 vs. 0.33 Hz) as the other factor. As expected, there was a significant main effect of pacing stimulus rate on time taken to generate 100 numbers; F( 2,14 ) = 83.52, p < 0.001. However, while the mean time taken to generate 100 numbers was slightly quicker with DBS on than with DBS off across all three pacing stimulus rates, there was no significant main effect of DBS or significant interaction between pacing stimulus rate and DBS status (ps > 0.05), (see Fig. 4 ). Therefore, the rate at which participants generated numbers was consistent with each pacing stimulus rate, ruling out the possibility that DBS status influenced the patients' ability to keep up with the pacing stimulus.
STN DBS improves the motor symptoms of PD but exacerbates cognitive control deficits
To examine the relationship between the therapeutic efficacy of STN DBS on motor symptoms and changes in the use of automatic and controlled processing, a series of Pearson's correlation coefficients were calculated. Change scores for motor symptoms were calculated by subtracting UPDRS scores on medication/off stimulation from UPDRS scores with on medication/ on stimulation, such that larger UPDRS change scores reflected greater improvement in the motor symptoms with DBS on. For CS1 and CS2, change scores were calculated by subtracting scores with DBS on from DBS off, such that a smaller change score is indicative of a decrease in the use of either automatic or controlled processing and vice versa. When CS1 was combined together for all three rates, there was a significant negative correlation between CS1 change scores and UPDRS change scores, [r = −0.75, p = 0.012]. This indicates that greater improvement in the motor symptoms as a result of STN DBS on was associated with an increased use of automatic processing (see Fig. 5 ). Conversely, when CS2 was combined together for all three rates, there was a significant positive correlation between the CS2 change score and UPDRS change score [r = 0.64, p = 0.047]. This indicates that greater improvements in the motor symptoms when stimulation is switched on were associated with a decreased use of controlled processing (see Fig. 6 ). As such, there is a significant association between the simultaneous improvement of motor symptoms and increasing impairment of cognitive control with STN DBS. 
Summary
Our results support the hypothesis that the effect of STN DBS on processing strategies employed during RNG is load-dependent. While STN DBS was effective in treating the motor symptoms of PD, it was also associated with deterioration of cognitive control during fast-paced RNG. In general, there was a tendency for PD patients to favour the use of automatic processing (habitual counting in ones) over controlled processing during paced RNG. Nevertheless, rate or load-dependent differences in controlled and automatic processing as a function of STN DBS were also observed. Stimulation in the vicinity of the STN significantly increased automatic processing reflected by increased habitual counting (CS1) relative to DBS off at the fastest rate only. In addition, at the slowest rate with stimulation off, greater use of controlled strategies as indexed by increased CS2 scores meant that differences between the use of controlled and automatic processing strategies disappeared altogether.
DISCUSSION
The present findings provide evidence for a loaddependent effect of STN DBS in PD on measures of randomness during paced RNG. In order to generate a random sequence of numbers, participants must inhibit the pre-potent tendency to habitually count in series and instead employ a controlled processing strategy to generate numbers randomly. On each trial, the paced RNG task demands the selection of one of nine competing responses in synchrony with the pacing stimulus. We have demonstrated that the existing bias in PD towards the selection of automatic processing strategies is significantly exacerbated when the STN stimulation is on at the fastest rate but not with DBS off or at the two slower rates of paced RNG. To test the hypothesis that STN DBS induces loaddependent deficits in cognitive control, we compared the use of automatic and controlled response strategies under differing levels of cognitive load during paced RNG by manipulating the rate of the pacing stimulus. With respect to automatic processing, the results demonstrated that STN DBS significantly magnified PD patients' tendency to count in ones, such that they employed habitual counting strategies more when the stimulators were on compared to when the stimulators were off. Crucially, this effect was only significant at the fastest rate of paced RNG but not at the two slower rates. This indicates an inability to inhibit the prepotent and habitual response of counting in series under conditions of high cognitive load, probably because at the fastest rate, there is not sufficient time for patients to engage controlled processing strategies. Controlled processing is distinct from automatic processing by being attention and resource demanding [20] . Therefore, while an opposite and mirrored pattern of results for controlled compared to automatic responding may be expected, the former appears to be affected differently by cognitive load. The measure of the patients' attempts to over-ride habitual counting in series (or controlled responding) by counting in twos (CS2), was lower than the measure of habitual/automatic counting (CS1), across almost all load and all DBS conditions. This confirms our previous findings in unoperated PD patients [24, 25] and suggests that, PD patients with or without STN DBS are less able to implement controlled processing strategies than automatic processing strategies in order to produce random sequences of numbers during RNG. In the present study, this was also the case, with the exception of one comparison at the slowest rate with DBS off. Only when the STN stimulation was switched off and patients performed RNG at the slowest rate (0.33 Hz), the measures of automatic and controlled processing equalised. This suggests that the slowest rate allowed sufficient time for the initiation of controlled processing strategies as readily as automatic strategies. However, even at this slowest rate, the patients were unable to effectively employ controlled responding with DBS on and were only able to engage in controlled responding at the slowest rate with DBS off. Our conclusions are twofold; 1) the effect of STN DBS on switching from automatic to controlled processing during paced RNG is load-dependent and 2) automatic and controlled processing during paced RNG have different thresholds of load-dependency.
A potential limitation of this study is that it was conducted with patients on medication (and no offmedication control group), the effects of which could interfere with performance on tasks that involve impulse control. However, STN DBS allows for a significant reduction of dopaminergic medication and as such we might expect any deficits in cognitive control in this study to be less likely a result of medication and more likely to the effects of STN DBS [36] .
These findings are in agreement with two previous studies that have revealed task-specific and loaddependent effects of STN DBS on the suppression of prepotent, automatic responses. STN DBS has been shown to reduce PD patients' ability to inhibit prepotent responses on no trials of a Go/no-Go task with higher (83%) but not medium (50%) target frequency. In this study, the level of motor preparation and associated prepotency of the go response was higher in the former than the latter condition [8] . In the same study, the investigators found that STN DBS selectively impaired working memory performance on a high-but not a lowload spatial delayed response task. Similarly, it has been found that in PD, STN DBS induced impulsivity and faster reaction times [26] . This was accompanied by an inability to slow down responses to allow time for reflection during high but not low-conflict conditions of a probabilistic decision-making task. Therefore, our conclusions add weight to the emerging evidence that STN DBS interferes with the adaptive ability to switch from an automatic to a controlled processing mode of responding when a task demands it, and that this deficit is load-dependent. While STN DBS involves stimulation in the vicinity of the STN and likely involves stimulation of other adjacent neural tissue, nevertheless, from these results it may be inferred that the STN is involved in cognitive control.
STN connections to the frontal cortex are important for switching from habitual to controlled processing
It has been proposed that a critical function of the STN is switching between automatic and controlled response strategies [21] ; the STN receives a switching signal from regions of the prefrontal cortex, including the pre-SMA. Single cell recordings in primates during oculomotor tasks that required such behavioural switching have revealed switch selective neurons in both the pre-SMA and the STN. Importantly, when a controlled response was required by the context, neurons in the pre-SMA fired before those in the STN, which in turn fired before response execution. Functional imaging in humans has corroborated these findings. The inferior frontal cortex and STN are both engaged when switches from a default 'status quo' decision are required. Decision difficulty was manipulated during a line-judgement task where the participant either had to accept a status quo decision or reject it [37] . When faced with a difficult decision, there is a tendency for healthy participants to favour the automatic, status-quo response over a controlled response. The tendency towards accepting the status quo decision, even if it was wrong, correlated positively with task difficulty. fMRI revealed activation of frontal circuits that run through the STN during trials when the STN was engaged and during high-difficulty trials where the default was rejected, or controlled responding was elicited.
The STN and frontal cortex are sufficiently interconnected to permit this switching function. Via the hyperdirect pathway, the STN receives projections from the SMA and DLPFC [38] . Of the five anatomically and functionally segregated fronto-striatal loops [39] , the motor circuit between the putamen and the SMA and the associative circuit through the DLPFC and the dorsal caudate are of greatest relevance to the shifts from controlled to habitual processing and vice versa. The associative circuit and its across species homologues, has been proposed to play a critical role in goal-directed action in rats [40] , non-human primates [41] and humans alike [42] . In human participants, changes in BOLD activation patterns have been demonstrated to move from associative to sensorimotor regions of the striatum during prolonged training and learning of motor tasks, as the initially controlled motor response becomes automatic and habitual with practice [43, 44] . Therefore, the control of goaldirected and habitual responding are mediated through segregated associative and motor fronto-striatal circuits respectively [42] . With imaging, researchers have established that in PD, STN DBS reduces activation in prefrontal (DLPFC, inferior frontal cortex) and anterior cingulate areas and alters pallidal-frontal/cingulate connectivity during fast-paced RNG at 1 Hz [13] . In light of these imaging results, the current findings suggest that the reduction of activity in the vicinity of the STN and increased output to the GPi with DBS results in a failure of implementing the 'cognitive switching' necessary for RNG task performance. As such patients employ automatic responding through habitual counting even though the task demands a controlled generation of numbers in a random fashion more so than with DBS off, with this stimulation effect being significant only at the fastest and most cognitively demanding rate.
In a highly influential neurocomputational model, it has been proposed that a critical function of the STN is to implement a global 'hold your horses' signal [26] . This 'no go' function is engaged during conditions of high conflict when a change in processing strategy is required to make an adaptive decision and temporarily delays responding to buy time for the selection of the optimal response. In a subsequent study from the same group, an increase in theta band activity over the medial prefrontal cortex was associated with raising the decision threshold for high conflict trials and that in PD, STN DBS reversed this relationship during a probabilistic decision-making task [16] . In fast-paced RNG, the selection of the controlled response, generating numbers in a random fashion, requires more time than the automatic response of habitual counting in series. Consequently, without the contribution of the STN to 'buy time' for this selection, performance is impaired with STN DBS on at the fastest rate of paced RNG when there is little time for such switching from automatic to controlled processing, as observed in the present results. Further support for the involvement of the STN in implementing a switch from automatic to controlled processing was provided in a study recording local field potentials from electrodes chronically implanted in the STN for DBS in 7 PD patients [45] . Relative to a control counting task, performance of RNG was associated with power increase in a narrow gamma band, which correlated with CS1 and number of repeated pairs (indices of the ability to suppress habitual counting and to engage in controlled processing) indicating that activity of the STN is directly modulated during RNG performance. Therefore, several lines of evidence indicate that switching between automatic and controlled processing depends on the integrity of the network between the STN, basal ganglia and prefrontal areas.
Clinical implications
STN DBS has been repeatedly demonstrated to be a highly effective treatment for the motor symptoms of PD. However, simultaneously and paradoxically, the executive dysfunction and cognitive control deficits associated with PD appear to be worsened during conditions of high conflict or high cognitive load when the STN stimulators are on, as supported by the present results and past studies [6, 7, 9, 10, 13, 14, 16, 26] . STN DBS has also been linked with emergence of impulse control disorders (ICDs) such as pathological gambling or shopping [46, 47] , although others have reported improvement of ICDs with STN DBS in PD [5, 48] . Increased impulsivity and magnification of deficits in cognitive control with STN DBS may also contribute to the increased risk of suicides documented in a minority of cases following STN DBS surgery [49] . Disruption of the STN with DBS could have other as yet unknown implications for the ability of PD patients to exert cognitive control in making adaptive decisions during conditions of high-conflict in daily life, instead causing them to revert to automatic/status quo responses even though these may be sub-optimal. Future research would be well placed to examine the potential link between cognitive control impairments and psychiatric outcomes following this surgical intervention which nevertheless is very effective in controlling the motor symptoms of PD.
